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Figure S1: Global maps showing the various regions shaded in red for which diagnostics were calculated using ESMValTool.
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Figure S2: Northern Hemisphere land sulfate lifetime of the reference case model simulations. All results are averaged over the years 2000
— 2004, except NorESM2 is averaged over 2001 — 2005. The error bars represent interannual variability (+ 1 o).
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Figure S3: (a) Northern Hemisphere land SOz emission rate and (b) SO2 column burden of the reference case model simulations. All results
are averaged over the years 2000 — 2004, except NorESM2 is averaged over 2001 — 2005. The error bars represent interannual variability
(*1o0).
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Figure S4: Global SO: lifetime of the reference case model simulations. All results are averaged over the years 2000 — 2004, except
NorESM?2 is averaged over 2001 — 2005. The error bars represent interannual variability (+ 1 o).
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Figure S5: (a) Northern Hemisphere land dry SO2 deposition rate and (b) wet SO2 deposition rate of the reference case model simulations.
All results are averaged over the years 2000 — 2004, except NorESM2 is averaged over 2001 — 2005. The error bars represent interannual
variability (+ 1 o).
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Figure S6: (a) Global dry BC deposition rate and (b) wet BC deposition rate of the reference case model simulations. All results are
averaged over the years 2000 — 2004, except NorESM2 is averaged over 2001 — 2005. The error bars represent interannual variability (+ 1

o).
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Figure S7: Absolute difference of Northern Hemisphere land SO2 column burden for each perturbation. All results are averaged over the
years 2000 — 2004, except NorESM?2 is averaged over 2001 — 2005. The uncertainty bars represent interannual variability (+ 1 o).
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Figure S8: Absolute difference of Northern Hemisphere land total SO2 deposition rate for each perturbation. All results are averaged over
the years 2000 — 2004, except NorESM2 is averaged over 2001 — 2005. The uncertainty bars represent interannual variability (+ 1 o).
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Figure S9: Absolute difference (emission at height — reference) of Northern Hemisphere land SO: lifetime, showing the relative impact of
deposition vs chemical conversion. All results are averaged over the years 2000 — 2004, except NorESM?2 is averaged over 2001 — 2005.
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Figure S10: Absolute difference (emission at height — reference) of Northern Hemisphere land sulfate column burden vs SOz lifetime offset
(sink minus source). All results are averaged over the years 2000 — 2004, except NorESM2 is averaged over 2001 — 2005.
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Figure S11: Percent difference (emission at height — reference) of global mean sulfate column burden. All results are averaged over the
years 2000 — 2004, except NorESM?2 is averaged over 2001 — 2005. The uncertainty bars represent interannual variability (+ 1 o).
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Figure S12: Absolute difference of global mean SOz column burden for each perturbation. All results are averaged over the years 2000 —
2004, except NorESM2 is averaged over 2001 — 2005. The uncertainty bars represent interannual variability (+ 1 o).
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Figure S13: Absolute difference of global mean SO4 column burden for each perturbation. All results are averaged over the years 2000 —
2004, except NorESM2 is averaged over 2001 — 2005. The uncertainty bars represent interannual variability (+ 1 o).
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Figure S14: Northern Hemisphere land SO: lifetime of the emission at height perturbation simulations. All results are averaged over the
years 2000 — 2004, except NorESM?2 is averaged over 2001 — 2005. The error bars represent interannual variability (+ 1 o).
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Figure S15: Percent difference (emission at height — reference) of (a) land surface concentration of SO2 and (b) sea surface concentration of
SO2. All results are averaged over the years 2000 — 2004, except NorESM2 is averaged over 2001 — 2005. The error bars represent
interannual variability (+ 1 6).
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Figure S16: Percent difference (emission at height — reference) of (a) land surface concentration of SO4 and (b) sea surface concentration of
SOa. All results are averaged over the years 2000 — 2004, except NorESM2 is averaged over 2001 — 2005. The error bars represent
interannual variability (+ 1 ©).
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Figure S17: Absolute difference (emission at height — reference) of global mean sulfate column burden vs surface sulfate concentration. All

results are averaged over the years 2000 — 2004, except NorESM2 is averaged over 2001 — 2005.

18



0% 1

A surface concentration of SO,

-60% 1

-20% A

-40% 1

50 100

Bottom Layer Thickness (m)

CAM-ATRAS
CESM
CESM2
E3SM

GEOS
GFDL-ESM4
GISS modelE
MIROC-SPRINTARS
NorESM2
OsloCTM3
UKESM1

Figure S18: Percent difference (emission at height — reference) of Northern Hemisphere land SO2 surface concentration vs bottom model
layer thickness. All results are averaged over the years 2000 — 2004, except NorESM2 is averaged over 2001 — 2005.
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Figure S19: Absolute difference (high SO4 — reference) of global mean total sulfate deposition vs bottom model layer thickness. All results
are averaged over the years 2000 — 2004, except NorESM2 is averaged over 2001 — 2005. The error bars represent interannual variability

(*1o0).
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Figure S20: Percent difference of global mean (a) surface cloud cover and (b) total cloud cover for each perturbation. All results are
averaged over the years 2000 — 2004, except NorESM2 is averaged over 2001 — 2005. The uncertainty bars represent interannual variability
(*1o0).
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Figure S21: Percent difference of global mean ice water path for each perturbation. All results are averaged over the years 2000 — 2004,
except NorESM2 is averaged over 2001 — 2005. The uncertainty bars represent interannual variability (= 1 o).
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Figure S22: Absolute difference of (a) Northern Hemisphere total sulfate deposition and (b) Southern Hemisphere total sulfate deposition
for each perturbation. All results are averaged over the years 2000 — 2004, except NorESM2 is averaged over 2001 — 2005. The uncertainty

bars represent interannual variability (= 1 c).

Table S1: Aerosol module characteristics?

ELMVO)

vertical levels

with 4 lognormal modes, namely Aitken,
accumulation, coarse, and primary-carbon mode.

Aerosols are internally mixed within each mode
and externally mixed between modes.

Aerosol species included: sulfate, black carbon
(BC), primary organic aerosol (POA); secondary

Earth System Resolution Description of aerosol module References

Model

(component

models)

E3SMv1 (EAMV1, 1°x1°,72 Two-moment (mass and number) aerosol scheme Wang et al., 2020; Liu

etal., 2016

! Table format is adapted from Table S1 from the supplement of Thornhill et al., 2021 (entries for GISS-E2-1, NorESM?2,
GFDL-ESM4, CESM2-WACCM, MIROC6, and UKESM1 have been partially or fully copied from this table). Information for
CAM-ATRAS is taken from the supplement of Fanourgakis et al., 2019.
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organic aerosol (SOA), marine organic aerosol
(MOA), sea salt, and dust.

MAM4 explicitly treats microphysical aging of
primary carbonaceous aerosols in the atmosphere
by introducing the primary-carbon mode. The
number of monolayers required for the aging of BC
and POA particles from the primary carbon mode
to the accumulation mode is set to 8.

CESM1 (CAM5.3,
CLM4)

1.9° (lat) x
2.5° (lon), 30
vertical levels

Two-moment (mass and number) aerosol scheme
with 4 lognormal modes, namely Aitken,
accumulation, coarse, and primary-carbon mode.

Aerosols are internally mixed within each mode
and externally mixed between modes.

Aerosol species included: sulfate, BC, POA, SOA,
sea salt, and dust.

MAM4 explicitly treats microphysical aging of
primary carbonaceous aerosols in the atmosphere
by introducing the primary-carbon mode. The
number of monolayers required for the aging of BC
and POA particles from the primary carbon mode
to the accumulation mode is set to 8.

Liu et al., 2016

GISS-E2-1 (p5
variant)

2° (lat) x 2.5°
(lon), 40
vertical levels
surface to 0.1
hPa

Aerosols and ozone are calculated prognostically
using the MATRIX aerosol module.

Aerosol microphysics include nucleation of new
particles, condensation and coagulation. The
mixing state of particles is explicitly tracked.
Aerosol mixtures can include, ammonium, sulfate,
nitrate, organics, BC, sea salt, dust and aerosol
water.

Aerosol scheme is coupled to the tropospheric
chemistry scheme which includes inorganic
chemistry of Oy, NOy, HOy, CO, and organic
chemistry of CH4 and higher hydrocarbons using
the CBM4 scheme and the stratospheric chemistry
scheme which includes chlorine and bromine
chemistry together with polar stratospheric clouds.

Bauer et al., 2020,

2008

NorESM2

1.9° (lat) x
2.5° (lon), 32
vertical levels

Production-tagged aerosol module with
background lognormal modes (Aitken,
accumulation, coarse). Process tracers can alter the
shape and composition of the initially lognormal
background modes to generate mixtures.

Kirkevag et al., 2018
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OsloAero6 aerosol module which contains some
slight updates since (Kirkevag et al., 2018)
describes the formation and evolution of BC, OC,
SQ,, dust, sea-salt and SOA. There is a limited gas-
phase chemistry describing the oxidation of the
aerosol precursors DMS, SO,, isoprene, and
monoterpenes. Oxidant fields of OH, HO,, NOs and
Os are prescribed climatological fields. As there is
no ozone chemistry in the model, prescribed
monthly-varying ozone fields are used for the
radiation.

Components included: sulfate, BC, organic aerosol,
sea salt, dust

GFDL-ESM4

1°x1.25°
(100 km
cubed
sphere), 49
vertical levels

The model includes 56 prognostic (transported)
tracers and 36 diagnostic (non-transported)
chemical tracers, with 43 photolysis reactions, 190
gas-phase kinetic reactions, and 15 heterogeneous
reactions. The tropospheric chemistry includes
reactions for the NO,-HO,-O4-CO-CH,4 system and
oxidation schemes for other non-methane volatile
organic compounds. The stratospheric chemistry
accounts for the major ozone loss cycles (Ox, HO,,
NO,, ClO,, and BrOy) and heterogeneous reactions
on liquid and solid stratospheric aerosols as in
Austin et al. (2013). The bulk aerosol scheme,
including 18 transported aerosol tracers, is similar
to that in AM4.0 (Zhao et al., 2018), with the
following updates: (1) ammonium and nitrate
aerosols are treated explicitly, with ISORROPIA
(Fountoukis and Nenes, 2007) used to simulate the
sulfate—nitrate—ammonia thermodynamic
equilibrium; (2) oxidation of sulfur dioxide and
dimethyl sulfide to produce sulfate aerosol is
driven by the gas-phase oxidant concentrations
(OH, H,0,, and 0s) and cloud pH simulated by the
online chemistry scheme, and (3) the rate of aging
of black and organic carbon aerosols from
hydrophobic to hydrophilic forms varies with
calculated concentrations of hydroxyl radical (OH).
Aerosol species, including sulfate, BC, organic
aerosols, sea-salt, dust and nitrate are treated
explicitly.

Horowitz et al., 2020;
Dunne et al., 2020

CESM2-WACCM

0.9° (lat) x
1.25° (lon),
88 vertical
levels

Chemistry and aerosols for the troposphere,
stratosphere, mesosphere and lower thermosphere
are calculated interactively. It simulates 228
compounds, including the 4-mode Modal Aerosol
Model (MAM4). This version of MAM4 is modified

Emmons et al., 2020;
Danabasoglu et al.,
2020; Gettelman et
al., 2019; Tilmes et al.,
2019; Mills et al., 2016
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to allow for the simulation of stratospheric aerosols
from volcanic eruptions (from their SO, emissions)
and oxidation of OCS. The representation of
secondary organic aerosols follows the Volatility
Basis Set approach.

OsloCTM3

2.25° (lat) x
2.25° (lon),
60 vertical
levels

The BC scheme in OsloCTM3 is a bulk-scheme, with
transfer from hydrophobic to hydrophilic mode
represented by an aging rate that depends on
month and latitude. Upon emission 20% of BC is
assumed to be hydrophilic and 80% hydrophobic.
The BC aerosol from biofuel, fossil fuel and biomass
burning are treated separately. For BC from fossil
fuel and biofuel, a mass absorption coefficient
parametrization is used based on observations
from Zanatta et al. (2016) and depends on coating
from non-BC, see further details in Lund et al.
(2018). The sulfur scheme with dimethyl sulfide
(DMS), SO, sulfate, H,S, and methanesulfonic acid
(MSA) is described in Berglen et al. (2004). The
scheme is interactively linked to the tropospheric
chemistry in OsloCTM3 and includes gas-phase and
aqueous-phase oxidation of SO,. Optical properties
for sulfate are described in Myhre et al. (2007).

Lund et al., 2018;
Zanatta et al., 2016;
Myhre et al., 2007;
Berglen, 2004

GEOS

0.5° (lat) x
0.625° (lon),
72 vertical
levels

Bulk mass aerosol scheme named GOCART.

Components included: sulfate, BC, organic aerosol,
sea salt, dust, NOs, NH4

BC, organic aerosol, sulfate, and NH, are in
accumulation mode. NOs, sea salt, and dust covers
accumulation and coarse modes with 3 bins, 5 bins,
and 5 bins, respectively.

DMS emissions are calculated based on DMS
seawater concentration compiled by Lana et al.,
(2011) combining with online meteorological fields.

Oxidant fields (e.g., OH, H.0> and Os) are
prescribed from previous GEOS chemistry climate
model (GEOSCCM) simulations (Strode et al., 2019).

Strode et al., 2018;
Bian et al., 2017;
Colarco et al., 2010;
Chin et al., 2000

MIROC6

0.5625° x
~0.5625°

Spectral Radiation-Transport Model for Aerosol
Species (SPRINTARS) predicts mass mixing ratios of
the main tropospheric aerosols, and models
aerosol-cloud interactions in which aerosols alter
cloud microphysical properties and affect the
radiation budget by acting as cloud condensation
and ice nuclei. The SO4, BC and OC aerosols are
treated as externally mixed in this model. The

Takemura et al., 2009;
Takemura, 2005
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CDNC and ice crystal number are used to calculate
the aerosol indirect effect and cloud nucleation
process.

Components included: sulfate, BC, OA, sea salt,
dust

UKESM1

1.25° (lat) x
1.875° (lon),
85 vertical
levels

The model contains the GLOMAP-mode aerosol
microphysics scheme.

Two-moment (mass and number) aerosol scheme
with 5 lognormal modes (nucleation soluble, Aitken
soluble, Aitken insoluble, accumulation soluble,
coarse soluble).

Components included: sulfate, BC, OA, sea salt,
dust*

*Dust component tracked independently in six size
bins

An adapted version of UKESM1 with non-
interactive chemistry was used. Oxidant fields (OH
and Os) were prescribed using monthly mean
output from the full-chemistry (and fully coupled,
i.e. interactive land surface, ocean and ocean
biogeochemistry) version of UKESM averaged over
1979 to 2014.

The aerosol scheme, called GLOMAP-mode, is a
two-moment scheme for the simulation of
tropospheric BC, OC, SO4, and sea salt. Dust is
modelled independently using the bin scheme of
Woodward (2001). The chemistry and aerosol
schemes are coupled such that the secondary
aerosol (SO4, OA) formation rates depend on
oxidants from the stratosphere-troposphere
chemistry scheme. Aerosol particles are activated
into cloud droplets using the activation scheme of
Abdul-Razzak and Ghan (2000) which is dependent
on aerosol size distribution, aerosol composition,
and meteorological conditions. Changes in CDNC
affect cloud droplet effective radius ((Jones et al.,
2001) and the auto conversion of cloud liquid
water in to rain water (Khairoutdinov and Kogan,
2000), which both influence cloud albedo.
Stratospheric aerosols (aerosol optical depth and
surface area density) are prescribed in the model
(Sellar et al., 2019b).

Regayre et al., 2022;
Mulcahy et al., 2020;
Sellar et al., 2019;

Williams et al., 2018
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CAM-ATRAS

1.9° (lat) x
2.5° (lon), 30
vertical levels

The CAM5-chem-ATRAS2 uses the Aerosol Two-
dimensional bin module for foRmation and Aging
Simulation version 2 (ATRAS2) (Matsui, 2017,
Matsui and Mahowald, 2017). The ATRAS2 model
uses 12 size bins from 0.001 to 10 um in aerosol
dry diameter. BC mixing state is resolved with 8, 3,
or 1 bins for each size bin. Mass concentrations of
eight aerosol species (504, NOs, NH,, dust, sea salt,
OA (POA+SOA), BC, and water) and number
concentrations are calculated for each bin in the
model. The CAM5-chem-ATRAS2 model considers
emissions, gas-phase chemistry, condensation and
evaporation of SO, NOs, NH4, and OA, coagulation,
nucleation, activation of aerosol and evaporation
from cloud, aerosol formation in clouds, dry and
wet deposition, aerosol optical properties, aerosol-
radiation interactions, and aerosol-cloud
interactions. OA formation is calculated by a
volatility basis-set approach which considers
oxidations of POA (gas-phase), alkanes, alkenes,
aromatics, isoprene, and monoterpene (Matsui et
al., 2014; Matsui, 2017). Nucleation is calculated by
the activation-type theory (Kulmala et al., 2006)
within the planetary boundary layer and by a
binary homogeneous nucleation scheme
(Vehkamaki et al., 2002) within the free
troposphere.

Sand et al., 2021; GliR
et al., 2021; Burgos et
al., 2020; Fanourgakis
etal., 2019

Table S2: Tabulated values of Figure S9 showing relative impact of deposition vs chemical conversion when estimating change in SOz
lifetime over Northern Hemisphere land due to emission at height.

model ASO;, lifetime  ASO;, lifetime (change in deposition rate only) ratio
CAM-ATRAS 0.15 0.28 1.84
CESM 0.14

CESM2 0.30 0.53 1.74
E3SM 0.26 0.34 1.30
GEOS 0.32 0.49 1.50
GFDL-ESM4 0.44 0.67 1.51
GISS modelE 0.80 1.55 1.94
MIROC-SPRINTARS 0.25 0.46 1.84
NorESM2 0.26 0.47 1.79
OsloCTM3 0.45 0.89 1.96
UKESM1 0.47 0.81 1.74
Avg 0.35 0.65 1.72
Avg (w/o GISS modelE) 0.31 0.55 1.69
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